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The concept of differentiation therapy of cancer is -40 years old. Despite many encour- 
aging results obtained in laboratories, both in vitro and in vivo studies, the only really 
successful clinical application of differentiation therapy was all-frans-retinoic acid (ATRA)- 
based therapy of acute promyelocytic leukemia (APL). ATRA, which induces granulocytic 
differentiation of APL leukemic blasts, has revolutionized the therapy of this disease by 
converting it from a fatal to a curable one. However, ATRA does not work for other acute 
myeloid leukemias (AMLs). Since 1,25-dihydroxyvitamin D3 (1.25D) is capable of inducing 
monocytic differentiation of leukemic cells, the idea of treating other AMLs with vitamin 
D analogs (VDAs) was widely accepted. Also, some types of solid cancers responded to 
in vitro applied VDAs, and hence it was postulated that VDAs can be used in many clinical 
applications. However, early clinical trials in which cancer patients were treated either with 
1.25D or with VDAs, did not lead to conclusive results. In order to search for a molecu- 
lar basis of such unpredictable responses of AML patients toward VDAs, we performed 
ex vivo experiments using patient's blast cells. Experiments were also performed using 
1 ,25D-responsive and 1 ,25D-non-responsive cell lines, to study their mechanisms of resis- 
tance toward 1,25D-induced differentiation. We found that one of the possible reasons 
might be due to a very low expression level of vitamin D receptor (VDR) mRNA in resistant 
cells, which can be increased by exposing the cells to ATRA. Our considerations concern- 
ing the molecular mechanism behind the low VDR expression and its regulation by ATRA 
are reported in this paper. 
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DIFFERENTIATION THERAPY OF CANCER 

Cancer remains one of the leading causes of morbidity and mortal- 
ity worldwide despite many improvements in diagnostic and ther- 
apeutic strategies. Development of cancer is a multi-step process 
which usually involves sustained proliferative potential, evading 
of growth-suppressing signals, resisting apoptosis, and enabling 
replicative immortality of the cell, due to gene aberrations and 
deregulated expression of genes (1). Recent development in the 
field of biological sciences along with a better understanding of 
the biology of cancer cell and its microenvironment, has led to 
new treatment methods. One such method is the targeted therapy, 
where new generation of cancer drugs is designed to interfere with 
a specific molecular target that is believed to have an important 
role in cell growth, survival, and differentiation and restore the dif- 
ferentiation capacity. This novel and less toxic form of therapy was 
designed to reprogram cancer cells, which resulted in the loss of 
proliferative capacity and induction of terminal differentiation or 
apoptosis of the cells (2). Classical chemotherapy involved killing 



of cells that divided rapidly (one of the main properties of cancer 
cells), which also killed cells that divided rapidly under normal 
circumstances, like bone marrow stem cells or cells in digestive 
tract. Hence, this method was highly toxic, which resulted in high 
death rates in cancer patients (3). 

One particular type of cancer, with increasing incidence is acute 
myeloid leukemia (AML). AML is characterized by the accumula- 
tion of transformed primitive hematopoietic blast cells, which lose 
their ability of normal differentiation and proliferation (4). The 
studies conducted on characterization of the gene mutations and 
aberrant signaling pathways have provided insights into the mech- 
anisms of leukemogenesis. Targeted therapy in AML was proposed 
in late twentieth century by Leo Sachs, which focused on forcing 
cancer cells to differentiate (5). This was a result of several in vitro 
analyses made in 1970s and 1980s, which showed that a number of 
compounds have anti-proliferative and pro-differentiating prop- 
erties toward AML cells. For example, Breitman et al. showed that 
granulocytic differentiation of HL60 leukemic cells was possible 
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after all-fraws-retinoic acid (ATRA) treatment, which resulted in 
the rapid development of differentiation therapies and a better 
understanding of the differentiation mechanisms involved (6). 
This was because many cancer subtypes displayed alternations in 
the normal program of differentiation and growth. Hence, the use 
of specific agents that can trigger differentiation of leukemic cells 
along normal hematopoietic lineages became necessary (5). 

RETINOIDS IN THE TREATMENT OF ACUTE MYELOID 
LEUKEMIA 

The above observations were translated into differentiation ther- 
apy, using ATRA in acute promyelocytic leukemia (APL) (7, 8). 
Pathogenesis of APL is associated with a chromosomal transloca- 
tion that disrupts retinoic acid receptor a (RARa) gene located on 
the short arm of chromosome 17 (q21) and results in an arrest 
of the early stage of granulocytic differentiation (promyelocyte) 
(9). A balanced translocation between chromosomes 15 and 17 
[t(15;17)(q22;q21)] (10), which leads to the formation of fusion 
of promyelocytic leukemia protein (PML) and RARa was found 
in 98% of APL patients. It was also shown that a small subset of 
patients carry other variants of 17q chromosome translocation 
(Table 1) (11,12). 

All cytogenetic aberrations found in APL are connected with 
RARa gene, which plays a central role in APL pathogenesis 
(11). Three forms of RAR, namely RARa, RAR|3, and RARy, are 
found to be important regulators of myeloid differentiation (13), 
which share structural similarity in their ligand and DNA-binding 
domains, but display distinct tissue-specific pattern of expression. 
When dimerized with a retinoid X receptor (RXR), RARs bind to 
specific promoter sequences upstream of genes (direct response 
elements - DRs) and promote their transcription in the presence 
of ATRA or 9-cis-RA. In the absence of a ligand, RAR/RXR het- 
erodimers interact with nuclear receptor co-repressors (SMRT and 
N-CoR), that recruit histone deacetylases (HDACs) and induce 
chromatin condensation and repression of transcription (14). 

Retinoic acid receptor a, a principal mediator of retinoic acid 
(RA) activity (15) regulates several genes involved in myeloid 
differentiation including transcription factor PU.l (16, 17) and 
CCAAT/enhancer-binding proteins (C/EBPs): C/EBPf5 (18) and 
C/EBPe (19). A second protein involved in the t(15;17) transloca- 
tion is PML, a key organizer of nuclear bodies (NBs) that are bound 



Table 1 | Variant translocations in APL [based on Ref. (11) and 
http://atlasgeneticsoncology.org/index.html]. 

Translocation Translocation partner Epidemiology 



t(11;17) PLZF (promyelocytic 1 % of APL patients 

(q23;q21) leukemia zinc-finger protein) 

t(5;17) NPM1 (nucleophosmin 1) Exceptional (only two 

(q35;q21) well-documented cases) 

t(11;17) NUMA (nuclear mitotic Exceptional (only one 

(q13;q21) apparatus) case fully described) 

der(17) Stat5b (signal transducer and Exceptional (only one 

activator of transcription) case fully described) 



to chromatin (20). Wild-type PML has a speckled nuclear pattern 
of expression, while PML/RARa has mostly a micropunctuated 
nuclear pattern or a cytoplasmic localization (21). PML regu- 
lates various cellular processes like defense against viral infection, 
DNA-damage, oxidative stress (22), regulation of transcription, 
heterochromatin remodeling, post-translational modification of 
proteins (23), and p53 signaling (24). PML is also an early medi- 
ator of transcription in myelopoiesis (25). Treatment of APL cells 
with RA caused reformation of normal NBs (21), which was caused 
by RA-induced degradation of a fusion protein, and in its absence 
the formation of NBs by proper PML protein resulting from the 
second, not mutated allele (26). 

The fusion protein resulting from translocation t(15;17) always 
contains the N-terminal part of PML and the C-terminal part 
of RARa. The N-terminal part of PML is highly variable among 
patients and consists mostly of coiled-coil domain and dimeriza- 
tion domain. The C-terminal part of RARa contains dimerization, 
DNA, and ligand-binding domains and both transcriptional acti- 
vating and repressing domains (27, 28). One of the most impor- 
tant features of the fusion protein as an oncogenic factor is the 
way it influences transcription. PML-RARa forms homodimers, 
through PML coiled-coil domains, which blocks the conforma- 
tional changes associated with the release of co-repressors (SMRT 
and N-CoR), methyltransferase, and HDACs (29), thereby lead- 
ing to histone H3 modifications (24). Thus, the altered RARa 
has lost its potential to respond to physiological concentrations 
of ATRA and acts as a constitutive repressor leading to RARa 
signaling block, resulting in inhibition of differentiation of APL 
cells (29). Moreover, PML-RARa is capable of antagonizing the 
transactivation function of wild-type RARa on RA- inducible pro- 
moters, and contributes to leukemogenesis by interfering with the 
process of differentiation (9). 

Promyelocytic leukemia protein-RARa also heterodimerizes 
with wild-type PML, disrupting its localization in NBs (24). The 
best-known post-translational modification of PML is sumoy- 
lation. This modification stabilizes PML in NBs, which affects 
other PML-bound proteins and recruits transcriptional repressors 
(20). It is suggested that sumoylated PML in the fusion protein 
PML-RARa, might recruit repressors of transcription, leading 
to even stronger repression which cannot be reversed by phys- 
iological concentrations of ATRA (30). Experiments on mouse 
models have shown that the loss of second allele results in pro- 
gression of the disease (31), which suggests that PML inactivation 
increases the transforming potential of PML-RARa by binding 
proteins involved in chromatin remodeling and transcriptional 
repression (32). In some cases of ATRA-resistant APL, the sec- 
ond allele of PML gene is mutated which causes accumulation of 
PML in cytoplasm, stabilization of PML-RARa, and inhibition of 
differentiation (33). The above data suggest that both RARa and 
PML play significant roles in the pathogenesis of leukemia (34). 

In testing the role of PML-RARa in mediating the sensitivity 
of leukemic cells to ATRA, it was hypothesized that ATRA could 
influence C/EBP proteins, which are members of leucine zipper 
transcription factor family. Their ability to bind to DNA and reg- 
ulate cell fate by mediating protein-protein interactions have been 
shown to be responsible for their effect on cell proliferation and 
differentiation (35). So far, C/EBPa, C/EBPf5, and C/EBPe have 
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been reported to be involved at various stages of myeloid devel- 
opment and also responsible for transcription of genes important 
for blood cells' functions (19, 36-42). Studies conducted on the 
mechanism of differentiation of APL cells by ATRA, demonstrated 
an increase in C/EBPf5 RNA and protein levels (corresponding to 
increased C/EBPf5 activity). This C/EBPf5 activity was found to be 
controlled by PML-RARot, through C/EBPp proximal promoter 
and was found to be absent in cells that were found to be resistant 
to ATRA (18). In vitro studies also demonstrated that transcrip- 
tion factor PU. 1 was suppressed in cells carrying the PML-RARa 
fusion protein and that ATRA- induced granulopoiesis in these cells 
involved restoring the level of PU.l (17). It appeared that induc- 
tion of PU. 1 by ATRA was possible only when the levels of C/EBP 
proteins were upregulated enough to activate the PU. 1 promoter. 
This led to the conclusion that PU.l, an ATRA responsive gene is 
capable of overcoming the inhibition mediated by PML-RARot in 
the promoter region of PU.l (17). 

Recent experiments have shown that oncogenic transformation 
mediated by PML-RARa is a multi-step process, and does not 
take place just by repression of transcription. It was shown that 
unlike the wild-type RXR-RARa which recognizes DR1, DR2, and 
DR5 sequences, fusion protein PML-RARa has a broad range of 
response elements due to the presence of four DNA-binding sites 
(DR1-DR16) (43). Binding of RXR facilitates the binding of PML- 
RARa complex to widely spaced direct repeats resulting in a larger 
spectrum of controlled genes, causing a transcription deregula- 
tion in APL cells (43, 44). Moreover, it appeared that one of the de 
novo binding partners for the fusion protein is vitamin D receptor 
( VDR) and by sequestering it, PML-RARa causes the inhibition of 
1,25-dihydroxyvitamin D3 (1,25D) -induced differentiation (45). 

Treatment of APL patients with pharmacological doses of 
ATRA causes differentiation of APL cells toward granulocytes. At 
a molecular level, ATRA reverses the differentiation block by inter- 
acting with the ligand-binding domain of RARa, which leads to 
the release of co-repressors and the activation of genes responsible 
for transcription. After ATRA treatment, mature granulocyte-like 
cells enter programed cell death (46). Higher clinical efficiency in 
APL patients is achieved by a combination of ATRA with arsenic 
trioxide (ATO), which induces apoptosis through the mitochon- 
drial pathway and by the formation of reactive oxygen species 
(ROS) (47). ATO has a limited differentiation capacity which 
is partial (48) and dose-dependent (49), most probably medi- 
ated by histone acetylation and transcriptional activation of many 
differentiation-related genes (50). 

However, the most important effects of both ATRA and ATO 
treatment consist in degradation of PML-RARa (51). As it was 
presented in the past, wild-type RARa, as well as PML-RARa 
fusion, become degraded upon the treatment of the cells with 
RA (52). On the other hand, ATO targets the normal PML pro- 
tein and PML-RARa fusion to proteasome-mediated degradation 
(53). This is mediated mostly by an ATO-induced oxidative stress, 
which leads to the cross-linking of PML proteins by disulfide 
bonds. PML consequently aggregates at the outer shell of NBs, 
the aggregates become massively sumoylated and are targeted to 
proteasome-mediated degradation (54). However, proteasome- 
mediated degradation is not the only mechanism of clearance 
of PML-RARa fusion protein in response to either RA or ATO 



treatment. As it was presented, both agents trigger the process of 
autophagy in APL cells, contributing to the degradation of the 
oncoprotein (55). Since both RA and ATO contribute to degrada- 
tion of PML-RARa, their simultaneous use gives synergistic effects 
in clearance of APL blasts (51). 

Also, clinical experiences have proven that ATRA and ATO treat- 
ments are synergistic and very efficient, converting APL from a fatal 
into a curable disease (56). When described for the first time, APL 
was considered the most aggressive form of AML, where death 
was caused predominantly by sudden hemorrhages resulting from 
coagulation disorders (57). The very first paper describing the 
use of ATRA to treat APL patients reported that all 24 patients 
involved in the study attained complete remission, which was rev- 
olutionary (7). Unfortunately, all of the patients from this initial 
group experienced a relapse of the disease (56) and, it was reported 
later that some of the patients, who relapsed after ATRA treat- 
ment, developed ATRA resistance (58). The next step forward 
led to the introduction of a combination therapy composed of 
ATRA and idarubicin, which led to molecular remission in 98% of 
patients, and 79% 2-year event-free survival rates (59). Although 
the remission rates obtained with ATRA and idarubicin were very 
high, the introduction of ATO (60) produced even better out- 
comes. The recent multicenter study, which compared the ATRA 
plus chemotherapy (idarubicin, mitoxantrone, methotrexate, and 
6-mercaptopurine) with ATRA plus ATO in patients with APL, 
revealed that 2-year event-free survival rates were 97% in the 
ATRA-ATO group and 86% in the ATRA-chemotherapy group 
(61), showing that new paradigms of APL therapy should be 
introduced (62). 

DIFFERENTIATION OF NON-APL AMLs 

Another type of AML where differentiation therapy might be 
useful is AML-M2 with translocation t(8;21)(q21;q22). This aber- 
ration leads to the fusion of acute myeloid leukemia 1 (AML1) 
protein and the eight-twenty-one (ETO) protein (63). Normal 
AML1 functions as a transcriptional activator, promoting granu- 
locytic differentiation through the upregulation of lineage-specific 
target genes, while ETO protein (nuclear factor) possessing a 
self-associating domain, acts as a transcriptional repressor by 
recruiting HDAC complex (64). The fusion protein consists of the 
N-terminal DNA-binding domain of AML1 protein and almost 
entire ETO protein, with self-association and nuclear co-repressor 
interacting regions which influences multiple processes including 
myelomonocytic development (63). After fusion with ETO repres- 
sor protein, AML 1 turns from being an activator to repressor which 
downregulates all of its target genes involved in granulocytic dif- 
ferentiation (64) through recruitment of co-repressors complex 
containing HDAC activity (65). 

The AML1-ETO and PML-RARa share several common fea- 
tures, suggesting similar pathogenic mechanism in AML cells. Both 
are found to form oligomeric complexes with the increased affinity 
for HDACs, and act as transcriptional repressors of differentiation- 
related genes. RA signaling pathway is silenced in AML1-ETO 
AMLs through recruitment of HDACs on regulatory sites, result- 
ing in the transcriptional silencing of the RAR|32 gene which leads 
to RA resistance and differentiation block (66). AML1-ETO also 
interacts with essential hematopoietic transcription factors such 
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as C/EBPa, PU.l, and GATA1 and blocks their differentiation- 
promoting functions (64). The oncoprotein also interferes directly 
with RARa by binding to the receptor in a ligand-independent 
manner, thus blocking the ability of ATRA to mediate the co- 
regulator exchange and preventing activation of RARa target gene 
expression (63). 

Novel differentiation agents for AML1-ETO positive AML are 
targeted toward HDACs, which are capable of modifying the his- 
tone acetylation status by removing acetyl groups, thus leading to 
chromatin silencing. Unlike chromosomal abnormalities or gene 
mutations which cause loss of gene function, silencing of the chro- 
matin can be pharmacologically reversed by HDACs inhibitors. 
These compounds are promising agents that promote histone 
hyperacetylation, leading to chromatin relaxation and expression 
of genes important for normal cell growth and differentiation (67). 
HDACs inhibitors together with ATRA are used in ATRA- resistant 
APL with translocation PZLF-RARa (68), where HDACs sensi- 
tize cells to ATRA treatment (69). Since changing the silenced 
chromatin into an open form is a multi-step reaction, involving 
not only the release of HDACs but also the recruitment of chro- 
matin remodeling complexes and transcriptional co-activators, the 
inhibition of HDACs seems to be only an initial step and is not 
sufficient enough to restore the complete cell differentiation (69). 
Therefore, a combination therapy could be beneficial for patients 
with AML1-ETO, where the RA pathway is repressed. 

Another promising target in differentiation therapy is peroxi- 
some proliferator activated receptor y (PPARy), which belongs to 
the nuclear receptor family and functions as a ligand-dependent 
transcription factor responsible for lipid metabolism (70). This 
nuclear receptor is a putative cancer therapy target, because it 
controls the expression of genes which are important for cell fate, 
for example genes involved in cell cycle regulation: p21Wafl/Cipl, 
pl8INK4c (71), and |3-catenin which is a key downstream compo- 
nent of the canonical Wnt signaling pathway (71, 72). The receptor 
is not only expressed in adipocytes but also in many other tis- 
sues and cell types throughout the body, including monocytes and 
macrophages (70). Furthermore, it was shown that the level of 
expression of PPARy is higher in leukemic cell lines than in normal 
blood cells (73). Myelomonocytic leukemic cells express abundant 
PPARy, and its ligands can force acute myelomonocytic leukemic 
cells to differentiate toward macrophages (74). It was shown that 
the PPARy ligand (troglitazone) can inhibit clonal proliferation 
of myeloid monocytic leukemic cells U-937 when combined with 
ATRA and/or RXR ligands. All three tested compounds exhibited 
synergistic induction of differentiation with reduced viability of 
human myeloid leukemia cell lines (73). 

Retinoid X receptor is yet another important target in AML. 
RXRs are receptors for vitamin A metabolites like 9-ris-RA and 
are the binding partners required for transcriptional activation 
by some other members of the steroid/thyroid hormone receptor 
superfamily, including RARs, VDR, and PPARs (75). RXR antago- 
nists could become novel therapeutic agents for the treatment of 
AML. Studies using HL60 cells and leukemic patients' cells showed 
that RXR antagonist (bexarotene) inhibits growth and induces dif- 
ferentiation of cells toward neutrophils. Phase I clinical trials using 
bexarotene in non-APL patients have shown that costimulation of 
both RAR and RXR receptors may be involved in differentiation of 



non-APL AML. It was suggested that differentiation in APL may 
occur through the RAR pathway while in non-APL similar effects 
may be achieved through RXR (76). 

1,25-DIHYDROXYVITAMIN D 3 

A very promising differentiation effect was demonstrated by the 
physiologically active form of vitamin D, namely 1,25D. The pri- 
mary function of this secosteroid compound is to maintain the 
calcium and phosphorus homeostasis (77, 78). In addition, non- 
classical functions of 1,25D include: regulation of the immune 
response, influence on proliferation, maturation, and apoptosis of 
normal and neoplastic cells (77, 79-83). Several studies demon- 
strated the antitumor and pro -differentiating activity of 1,25D on 
cancer cells (82, 84-86), which led to early clinical trials to test 
the ability of 1,25D to treat AML and myelodysplastic syndromes 
(MDS) (82, 87). 

The first discovery of the use of physiologically active form of 
vitamin D to induce the differentiation of AML promyeloid cell 
line HL60, into the cells resembling monocytes was done in 80s 
of twentieth century (88), during which it was shown that expo- 
sure to 1,25D can induce the ability of these cells to phagocytose 
and can inhibit proliferation. In due course, it was found that 
many other myeloid cell lines such as promonocytoid U937 and 
THP-1 also responded to 1,25D by exhibiting a decreased ability 
to proliferate and displaying many features of mature monocytes 
(89). MV4-11 and MOLM-13 cells, with mutated Fms-like tyro- 
sine kinase 3 (FLT3) responded to 1,25D treatment by expressing 
cell differentiation markers, which was although lesser than in the 
model HL60 cell line (90). 

On examining the mechanisms involved in the induction of 
differentiation by 1,25D, it was found that it exerts its effects by 
binding to a nuclear receptor called VDR. In the ligand-bound 
state, VDR heterodimerizes with RXR and attaches itself to the 
promoter regions of the target genes, such as osteocalcin (91), 
24-hydroxylase of 1.25D (CYP24A1) (92, 93), kinase suppressor 
of Ras-1 (94), p27 K P' (95), or CD14 (96) which play important 
roles in regulating the calcium-phosphate homeostasis, metab- 
olism of 1,25D, cellular differentiation, and cell cycle. Except the 
well-known activation of VDR protein, which confers the so-called 
"genomic pathway of signal transduction," 1,25D activates mem- 
brane initiated signaling pathways, known as "rapid responses," 
such as MAPK pathways (97), the lipid signaling pathways (98), 
or PI3K-AKT pathway (99, 100). Induction of cell cycle arrest by 
influencing genes responsible for anti-proliferation, such as inter- 
feron a-inducible protein p27 (IFI27) (101) and p21 (102) has 
been found to be one of the main anti-proliferative actions of 
1,25D. The pro -differentiating effect is mediated by transcription 
factors crucial for myeloid hematopoiesis and includes transient 
upregulation of C/EBPct and sustained upregulation of C/EBPp 
(103). The initiation of differentiation in HL60 cells, was observed 
by a rapid growth followed by growth arrest and accompanied 
by a monocytic differentiation (104). This was in common with 
U937 cells which after initial proliferative burst, later showed ele- 
vated levels of cyclin-dependent kinase inhibitors, p21 Wiil,Ci V 1 and 
p27 Kipl (105). Other mechanisms include a decrease in the level 
of gene expression of exportin and importins (which are involved 
in regulating the traffic of substrates for protein production) 
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(106) and elf2 (a translation initiation factor) (107) in HL60 
cells suggesting decreased protein synthesis and suppression of 
translation. 

CLINICAL TRIALS USING VITAMIN D COMPOUNDS IN THE 
TREATMENT OF ACUTE MYELOID LEUKEMIA 

The in vitro studies described above led to nine studies, which 
examined the effects of different vitamin D compounds, such as 
1,25D or 1 -hydroxyvitamin D3 (alfacalcidol; precursor of 1,25D) 
in AML patients, either alone or in combination with other agents 
such as cytarabine, RA, hydroxyurea, or interferon a. These studies 
were conducted on small groups ranging from 1 to 29 patients with 
AML, where vitamin D compounds induced partial differentiation 
and the results were modest (Table 2) (108-1 16). It is important to 
note that all these studies used different dose schedules and some 
patients developed hypercalcemia, which was recently exhaustively 
reviewed (117). The doses of vitamin D compounds ranged from 
0.5 to 15 M-g/day in the above clinical trials. In the first clinical trial, 
alfacalcidol was used at the doses ranging from 4.5 to 15 (ig/day 
and two out of three patients (one patient suffered from MDS) 
developed transient hypercalcemia which showed that this is a 
common side effect of vitamin D treatment (109). In the later 
studies, alfacalcidol and 1,25D were administrated at doses from 
0.25 to 1 |ig/day to avoid hypercalcemia (117). This reinforced 
the need to synthesize vitamin D analogs (VDAs) with decreased 
calcemic activity and greater antitumor activity (85, 118, 119). 

Several in vitro studies have shown that the biological effects 
of 1,25D can be selectively modulated in combination with other 
drugs (86, 120, 121). Slapaket al. presented promising results from 
the study conducted on 29 patients who were treated with cytara- 
bine, hydroxyurea, and 1,25D, showing an overall response of 79% 
where 45% was complete remission and 34% was partial remission. 
Hence, it was proposed that favorable results could have been due 
to the synergistic effect of the tested compounds (115). It has been 
shown that 1,25D activity can be potentiated in prostate cancer 
by using CYP24A1 inhibitors (122, 123). CYP24A1 is involved in 
the catabolism of 1,25D (124) and its overexpression is associated 
with poor prognosis of some human cancers (125-127). 

These early clinical trials using high doses of 1,25D raised an 
important issue of the maximum tolerable dose in clinical use. It 
was proposed that a maximum dose of 1,25D is >100 |ig/week 
intravenously and an oral dose of 0.15 (xg/kg/week. Commercially 
available 1,25D can be used in high doses for oral administration, 



Table 2 | Clinical trials using vitamin D compounds in AML patients (117). 

Vitamin D compound No. of patients Response 

Alfacalcidol 2 

Alfacalcidol 2 

Alfacalcidol 1 

Alfacalcidol, cytarabine, IN Fa, retinoids 15 

Alfacalcidol, cytarabine, 13-c/s-retinoic acid 15 

1 ,25D, cytarabine, 13-c/s-retinoic acid 26 

1 ,25D, cytarabine, hydroxyurea 29 

Alfacalcidol 11 

Alfacalcidol 21 



however intravenous administration with high levels gives the best 
therapeutic results (102). Several studies revealed that pharmaco- 
kinetic dose escalation did not result in the escalation of systemic 
exposure. Desirable linear relationship between dose and systemic 
exposure was lost at doses > 16 |ig/kg/week (128-130). 

VARIABLE EX VIVO RESPONSES OF AML PATIENT'S BLASTS 
TOWARD 1.25D OR VDA-INDUCED DIFFERENTIATION 

There might be multiple reasons for the unsatisfactory results of 
the above mentioned clinical treatments of AML patients using 
1,25D or its analogs. One very important reason is that the patients 
with AML were not stratified further into subgroups, despite the 
fact that AML is not just one disease, but a heterogeneous group of 
diseases with various underlying causes. Traditional classification 
of AML introduced by French-American-British (FAB) hemato- 
oncologists, which was based on morphology, immunochemistry, 
and immunophenotyping of blast cells, divided AML into eight 
subgroups (131). More recently, a new classification was proposed, 
which includes cytogenetics and molecular diagnostics (132). So 
far, there are more than 200 distinct mutations reported in AML 
blasts (133), however some of them are more frequent than the 
others. 

Some of the mutations found in AML blasts have their inde- 
pendent prognostic value, and therefore routine molecular genet- 
ics analyses are implemented in diagnostic procedures nowadays 
(134). The mutation, which has the highest prognostic impact 
is the above mentioned t(15;17), which leads to the fusion pro- 
tein PML-RARa. This mutation is characteristic of M3 subtype of 
AML (according to FAB classification), the subtype which renders 
this leukemia susceptible to ATRA treatment and confers almost 
80% survival after 10 years from diagnosis (135). Another exam- 
ple of an abnormality with a good prognostic value is mutations 
in nucleophosmin 1 (NPM1), which are present in about 30% of 
AML patients. NPM1 is a protein which normally shuttles between 
cytosol and nucleus where it chaperons transport of other pro- 
teins, but when mutated is retained in the cytosol of the cell (136, 
137). For patients with NPM1 mutations, the overall survival rate 
after lOyears is about 52% (135). The good prognosis for the 
above patients is limited to the individuals with wild-type FLT3. In 
contrast, FLT3 mutations and specifically internal tandem dupli- 
cations (ITD ) , confer a bad prognosis for patients (135). Wild-type 
FLT3 is important in normal hematopoiesis, where its activation is 
strictly regulated by the FLT3 ligand. FLT3-ITD mutation causes 



Reference 



Transient hypercalcemia, decrease of blasts in bone marrow 
One minor response in AML M4 patient 
One major response 
5 
5 

15 Response: 58% 

13 Complete remissions, 10 partial remissions, response: 79% 
17% Complete remission, 45% partial remission, response: 18% 
Complete remission 17% 



Irino andTaoka (109) 
Takahashi et al. (111) 
Nakayama et al. (110) 
Hellstrom et al. (108) 
Hellstrom et al. (1 12) 
Ferrero et al. (116) 
Slapaket al. (115) 
Petrini etal. (113) 
Petrini etal. (114) 
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Table 3 | Impact of selected cytogenetic abnormalities on disease 
outcome based on Ref. (135, 139). 



Cytogenetic or 
molecular abnormality 


Fusion protein or 
mutated protein 


OS after 
10 years (%) 


t(15;17) 


PML-RARa 


77-81 


t(8;21) 


AML1-ETO 


61-65 


CEBPA biallelic 


C/EBPa 


51 


FLT3 wt; NPM1 mut 


Nucleophosmin 


52 


t(9;!1) 


MLLT3-MLL 


39-59 


t(6;9) 


DEK/NUP214 


27-29 


FLT3-ITD; NPM1 wt 


FLT3-ITD 


10 


-7/del(7q) 




10 


-5/del(5q) 




6 



OS, overall survival. 



constitutive activation of the receptor and enhanced proliferative 
potential of blast cells (138). This mutation is present in 20-27% 
of AML patients, whose overall survival rate after 10 years is only 
10% (135). The above examples show clearly how high is the 
impact of individual mutation for the blast cell fate. The overview 
of the prognostic significance of selected recurring chromosomal 
and molecular abnormalities based on the study conducted on 
younger adult patients (135, 139) is given in Table 3. It should 
be remembered that the combinations of multiple mutations are 
very common in AML patients (134) and that the higher num- 
ber of abnormalities carried by a patient worsens an individual 
prognosis (139). 

Therefore, we hypothesized that the mutations present in AML 
blasts could also influence their susceptibility to l,25D-induced 
monocytic differentiation. In order to test this hypothesis, we per- 
formed two sets of experiments using blasts from the peripheral 
blood of freshly diagnosed AML patients. These blasts were ex vivo 
exposed to either 1,25D or low calcemic VDAs and then tested 
using flow cytometry for the presence of monocytic differenti- 
ation marker CD14. In the first series of experiments, the blast 
cells from 32 patients (140), while in the second series from 56 
patients (141) were studied. The analysis of data revealed that the 
cells with mutated FLT3 were less responsive to 1 ,25D-induced dif- 
ferentiation than the remaining blast cells (140, 141). Therefore, 
we wanted to further investigate the nature of that correlation. 
For this purpose, we used two AML cell lines, which carry FLT3- 
ITD mutations: MV4-11 cell line has mutation in both, while 
MOLM-13 in one allele (142). Our in vitro experiments revealed 
that these two cell lines were responsive to 1,25D and to VDAs, 
which pointed out that the correlation observed in AML patients 
blasts with FLT3 mutation, the low differentiation response was 
not caused by mutation itself, but by other, unknown to us at this 
moment reasons (90). In our ex vivo experiments, we also observed 
that the blast cells from AML patients, having NPM1 mutation had 
a tendency to differentiate better than other blasts. However, many 
patients have both of the above mutations and in our experiments, 
the blasts with both mutations differentiated better in response to 
1,25D than the blasts with FLT3-ITD, but weaker than the ones 
with mutated NPM1 alone. 



In our ex vivo experiments, we also observed that deletion of a 
short arm or whole of chromosome 7 [— 7/del(7q)] in AML blast 
cells correlated with a stronger differentiation response, in com- 
parison with other blast cells. Thus, we hypothesized that there 
could be a gene located in the short arm of chromosome 7, which is 
responsible for degradation of 1,25D. The gene which supposedly 
could take part in such process is the one which encodes NADPH- 
cytochrome P450 reductase (CYPOR), an enzyme responsible for 
electron transfer to cytochrome P450, and vital in the metabolism 
of drugs and steroid production in humans. From our further 
experiments, we documented that indeed the expression of this 
gene and the level of an enzyme in AML cells was strongly upreg- 
ulated by RA, but also to some extent by 1,25D (143). Another 
conclusion which could be drawn from our experiments is that 
blasts from only few patients differentiate in response to 1,25D 
as strongly as model AML cell lines, such as HL60, MV4-11, 
MOLM-13, U-937, or NOMO-1 (90, 140, 144). Together, our 
results indicate that responses of individual patients' blast cells 
to 1,25D are variable and that due to the heterogeneity of the 
disease and overlapping mutations, statistical analysis is very dif- 
ficult. In order to find the impact of individual mutation, very big 
groups of patients should be included in the ex vivo tests. More- 
over, one should remember that ex vivo tests are fundamentally 
simple in comparison to the clinical trials, where the AML blast 
cells, which should get differentiated in response to 1,25D or its 
analogs, are present in a living body with an immune system and 
other accompanying diseases. This explains why the small clinical 
trials described above produced so many inconclusive results. 

RA AND 1.25D COMBINATION TREATMENTS 

The idea of using 1,25D or VDAs in combination with retinoids 
to elicit better anti-tumor effects, than treating patients with 
1,25D or RA alone to produce synergistic effects was suggested 
in the past (86). The studies were conducted on myeloblas- 
tic cell line (HL60) and APL cell line (NB4) using VDA: 20- 
epi-22oxa-24a,26a,27a-tri-homo-l,25(OH) 2 D 3 (KH1060) and 9- 
«'s-RA, which promoted the differentiation and inhibited the 
growth of the cell lines. This was found to be achieved by 
reduced anti-apoptotic bcl-2 and increased pro-apoptotic bax 
expression (145, 146). Few other VDAs like l,25-(OH) 2 -8-16-23- 
yne-cholecalciferol and l,25-(OH)2-23-yne-cholecalciferol, were 
found to promote much more differentiation than 1,25D, with 
very little effect on the calcium-phosphate homeostasis. When 
used in combination with RA in vitro on HL60 cells, an addi- 
tive pro-differentiating effect was observed (147). When 9-a's-RA 
was used with 1 ,25D in combination therapy, which induced gran- 
ulocytic and/or monocytic differentiation, TGF-pi was identified 
as the secondary mediator in AML cells (148). 

THE SEARCH FOR A MOLECULAR BASIS OF AN 
RA-REGULATED TRANSCRIPTION OF VDR 

One of the AML cell lines being used in our laboratory is KG-1, 
which is unresponsive to 1,25D or VDAs (149, 150), but responsive 
to RA. As presented before, RA inhibited clonal growth in KG-1 
to a higher degree than in HL60 cells (6, 151) and the inhibitory 
effect of RA on the growth of KG-1 cells was irreversible even 
after its removal from the cells (151). We documented from our 
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experiments that these cells respond to ATRA with upregulation 
of VDR gene expression, which restores their sensitivity to 1,25D. 
Constitutive expression of VDR gene was 10-12 times lower in 
KG-1 cells, in comparison with l,25D-responsive HL60 cells, and 
after ATRA treatment it increased by about 8 times. Surprisingly, 
our experiments documented that HL60 cells respond to ATRA 
with downregulation of VDR gene expression (150). 

The gene which encodes human VDR was cloned in 1 988 ( 1 52) . 
This gene is located on chromosome 12 and spans about 100 kb of 
genomic DNA. Translation of VDR protein starts from exon 2, and 
due to T to C polymorphism which eliminates the most 5'-located 
ATG codon, the translation starts from the second in-frame ATG 
codon in some individuals. As a result, two variants of VDR pro- 
tein exist, one three amino-acids shorter (424 aa) than the other 
(427 aa) (153), and the shorter variant was found to exert higher 
transcriptional activity due to a better contact with the human 
basal transcription factor IIB (TFIIB) (154, 155). Knowing that, 
we hypothesized that low activity of 1,25D in KG-1 cells, and high 
activity in HL60 cells, might have resulted from the different VDR 
protein variants in these cells. Therefore, the exon 2 was sequenced 
in the above cell lines, and the results indicated that KG- 1 cell line 
is indeed homozygous in two longer variants of VDR, while HL60 
cells have one longer and one shorter variant. However, U-937 
cell line which was also found to be homozygous in two longer 
variants of VDR, differentiated in vitro in response to 1,25D or 
VDAs, showing that length of VDR is not the only reason for KG-1 
cells' resistance to 1,25D. The remaining cell lines used in our lab- 
oratory, namely NB4, MV4-11, MOLM-13, and NOMO-1 were 
found to be heterozygous with respect to VDR protein length, 
while THP-1 is homozygous in two shorter variants of VDR (our 
unpublished data). 

Characterization of factors that regulate expression of the VDR 
gene at the transcriptional level is hampered because of the com- 
plexity of the promoter region. To date, several small non-coding 
exons have been identified (exons la-f) in the large regulatory 
region encompassing 65 kb upstream of the so-called coding 
region of VDR gene (exons 2-9) (Figure 1). Numerous combina- 
tions of the 5'-UTR of VDR are formed by an alternative splicing 
and/or different promoter usage. The main promoter of the VDR 
gene is the region associated with exon la (153). This promoter is 
characterized by the lack of canonical TATA- and CAAT-box and 
the presence of multiple specificity protein 1 (Spl) -binding sites 
in a GC-rich region localized -100 bp upstream of the transcrip- 
tional start site (TSS) present in exon la. This promoter region 
contributes to the constitutive VDR expression in multiple tissues 
and cells and has been shown to be predominant in human kidney, 



intestine, and bone (156). The la promoter region not only regu- 
lates the transcripts originating from exon la but also from exon 
Id (156) which can be a result of the imprecise TSS localization 
typical for the TATA-less promoters. Exon Id contains an alter- 
native ATG codon and transcripts containing this exon have the 
potential to encode N-terminally extended VDR isoforms (VDRB1 
and VDRB2) which have been shown to be co-expressed with the 
canonical VDR isoform (VDRA) (157, 158). 

In contrast to the constitutive activity of 1 a promoter region, the 
promoter associated with exon If, localized in the furthest distance 
from the coding region, drives expression of transcripts which 
have been shown to be tissue and cell-type specific. Transcripts 
originating from exon If are present in kidney tissue, parathyroid 
adenoma tissue, and in intestinal cell line (LIM 1863), which, as it 
has been noticed in the original work, represent the major target 
for calcitropic effects of 1,25D (156). The If promoter has been 
reported to contain sequences binding multiple transcriptional 
factors such as cAMP response element-binding protein (CREB), 
Wilms tumor protein (Wt-1), and Caudal type homeobox 2 (Cdx- 
2) (159, 160). In contrast to cell- and tissue-restricted expression of 
the corresponding transcripts, the If promoter region, when fused 
to reporter genes alone, displays its activity in variety of cell types 
which might suggest the existence of a distal regulatory region 
associated with the If promoter and regulating its tissue-specific 
activity. 

In view of the scope of this review, the most interesting issue 
is the responsiveness of the VDR promoter(s) to hormonal reg- 
ulation, especially by RA. Unlike the above described promoter 
regions (If and la), the TATA-containing promoter associated 
with lc exon (proximal to the coding region of VDR) has proven 
to be regulated by 1,25D, RA, estrogens, and phytoestrogens which 
upregulate the promoter activity in breast cancer cell lines (161). 
The sequence of lc promoter does not contain any estrogen 
or 1,25D response elements but, similar to promoter la, con- 
tains Spl binding sites localized in GC-rich region. Three Spl 
consensus binding sites were identified to independently confer 
responsiveness to 1,25D, estrogens, and resveratrol (162). 

According to our observations, the regulation of the activity of 
lc promoter cannot be the only explanation for the different tran- 
scriptional activity of VDR gene observed in HL60 and KG-1 in 
response to RA, because the predominant types of VDR transcripts 
observed in these cells contain exon la which indicates the use of 
the la promoter region or promoter(s) further upstream exon la 
in regulating VDR expression in these cells. This would suggest that 
the regulatory element that confers the responsiveness to RA may 
not be localized in the promoter itself but rather in a ris-element 
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FIGURE 1 | Organization of human VDR locus. Black boxes represent protein coding exons, gray - non-coding exons localized in the regulatory region of the 
gene. Horizontal arrows indicate transcriptional start sites. White boxes represent promoter regions, white oval - the RA-responsive c/s-regulatory element. 
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cooperating with the promoter. One such element had been dis- 
covered during the initial characterization of the VDR promoters 
and is localized in an intron between exon lc and exon 2 of VDR 
gene (153). This element has been shown to mediate increased 
activity of lc promoter in response to RA and, more interest- 
ingly, was able to transfer the RA-response to an unrelated viral 
promoter proving its potential to regulate other promoters in the 
locus. It will be very interesting to fully characterize this element 
and perhaps to identify other enhancers/silencers present in VDR 
regulatory region and their interactions with the VDR promoters. 
This area of research seems to be somewhat neglected, probably 
due to the complexity and the size of the VDR regulatory region but 
the aid of techniques enabling the characterization of interactions 
between distal DNA domains, such as chromosome conformation 
capture (163) should provide new clues to fully characterize the 
regulation of VDR transcription in different cell types. Since we 
suppose that finding the mechanism of transcriptional up- and 
down-regulation of VDR gene in response to ATRA might be rele- 
vant for differentiation therapy of AM L patients, the search for the 
regulatory elements in VDR gene is underway in our laboratories. 

ACKNOWLEDGMENTS 

The research was supported by Wroclaw Research Center EIT+ 
within the Project "Biotechnologies and Advanced Medical Tech- 
nologies - BioMed" (POIG 01.01.02-02-003/08-00) financed by 
the European Regional Development Fund (Operational Pro- 
gramme Innovative Economy, 1.1.2). 

REFERENCES 

1 . Hanahan D, Weinberg R. Hallmarks of cancer: the next generation. Cell (20 1 1 ) 
144:646-74. doi: 10. 10 16/j.cell.20 1 1 .02.0 1 3 

2. Sawyers C. Targeted cancer therapy. Nature (2004) 432:294-7. doi:10.1038/ 
nature03095 

3. Hannun Y. Apoptosis and the dilemma of cancer chemotherapy. Blood (1997) 
89:1845-53. 

4. Tenen D. Disruption of differentiation in human cancer: AML shows the way. 
Nat Rev Cancer (2003) 3:89-101. doi:10.1038/nrc989 

5. Sachs L. Cell differentiation and bypassing of genetic defects in the suppression 
of malignancy. Cancer Res (1987) 47:1981-6. 

6. Breitman T, Selonick S, Collins S. Induction of differentiation of the human 
promyelocytic leukemia cell line (HL-60) by retinoic acid. Proc Natl Acad Sci 
USA (1980) 77:2936-40. doi:10.1073/pnas.77.5.2936 

7. Huang M, Ye Y, Chen S, Chai J, Lu J, Zhoa L, et al. Use of all-trans retinoic acid 
in the treatment of acute promyelocytic leukemia. Blood (1988) 72:567-72. 

8. Tallman M, Nabhan C, Feusner J, Rowe J. Acute promyelocytic leukemia: evolv- 
ing therapeutic strategies. Blood (2002) 99:759-67. doi:10.1182/blood.V99.3. 
759 

9. de The H, Lavau C, Marchio A, Chomienne C, Degos L, Dejean A. The 
PML-RAR alpha fusion mRNA generated by the t(15;17) translocation in 
acute promyelocytic leukemia encodes a functionally altered RAR. Cell (1991) 
66:675-84. doi:10.1016/0092-8674(91)90113-D 

10. Kakizuka A, Miller WJ, Umesono K, Warrell RJ, Frankel S, Murty V, et al. 
Chromosomal translocation t( 15; 17) in human acute promyelocytic leukemia 
fuses RAR alpha with a novel putative transcription factor, PML. Cell (1991) 
66:663-74. doi:10.1016/0092-8674(91)90112-C 

1 1 . Redner R. Variations on a theme: the alternate translocations in APL. Leukemia 
(2002) 16:1927-32. doi:10.1038/sj.leu.2402720 

12. Rego E, Ruggero D, Tribioli C, Cattoretti G, Kogan S, Redner R, et al. 
Leukemia with distinct phenotypes in transgenic mice expressing PML/RAR 
alpha, PLZF/RAR alpha or NPM/RAR alpha. Oncogene (2006) 25:1974-9. 
doi:10.1038/sj.onc.l209216 

13. Collins S. Retinoic acid receptors, hematopoiesis and leukemogenesis. Curr 
Opin Hematol (2008) 15:346-51. doi:10.1097/MOH.0b013e3283007edf 



14. Mark M, Chambon P. Functions of RARs and RXRs in vivo: genetic dissec- 
tion of the retinoid signaling pathway. Pure Appl Chem (2003) 75:1709-32. 
doi:10.1351/pac2003751 11709 

15. Robertson K, Emami B, Collins S. Retinoic acid-resistant HL-60R cells har- 
bor a point mutation in the retinoic acid receptor ligand -binding domain that 
confers dominant negative activity. Blood (1992) 80:1885-9. 

16. Iwasaki H, Somoza C, Shigematsu H, Duprez E, Iwasaki-Arai J, Mizuno S, et al. 
Distinctive and indispensable roles of PU.l in maintenance of hematopoietic 
stem cells and their differentiation. Blood (2005) 106:1590-600. 

17. Mueller B, Pabst T, Fos J, Petkovic V, Fey M, Asou N, et al. ATRA resolves 
the differentiation block in t(15;17) acute myeloid leukemia by restoring PU.l 
expression. Blood (2006) 107:3330-8. doi:10.1182/blood- 2005-07-3068 

18. Duprez E, Wagner K, Koch H, Tenen D. C/EBPbeta: a major PML-RARA- 
responsive gene in retinoic acid-induced differentiation of APL cells. EMBO J 
(2003) 22:5806-16. doi:10.1093/emboj/cdg556 

19. Morosetti R, Park D, Chumakov A, Grillier I, Shiohara M, Gombart A, et al. A 
novel, myeloid transcription factor, C/EBPepsilon, is upregulated during gran- 
ulocytic, but not monocytic, differentiation. Blood (1997) 90:2591-600. 

20. Bernardi R, Pandorfi P. Structure, dynamics and functions of promyelo- 
cytic leukaemia nuclear bodies. Nat Rev Mol Cell Biol (2007) 8:1006-16. 
doi:10.1038/nrm2277 

21. Daniel M, Koken M, Romagne O, Barbey S, Bazarbachi A, Stadler M, et al. PML 
protein expression in hematopoietic and acute promyelocytic leukemia cells. 
Blood (1993) 82:1858-67. 

22. Lallemand-Breitenbach V, de The H. PML nuclear bodies. Cold Spring Harb 
PerspectBiol (2010) 2:a000661. doi:10.1101/cshperspect.a000661 

23. Carracedo A, Ito K, Pandolfi P. The nuclear bodies inside out: PML conquers 
the cytoplasm. Curr Opin Cell Biol (2011) 23:360-6. doi:10.1016/j.ceb.2011.03. 
011 

24. Saeed S, Logie C, Stunnenberg H, Martens J. Genome-wide functions of 
PML-RARa in acute promyelocytic leukaemia. Br J Cancer (201 1) 104:554-8. 
doi:10.1038/sj.bjc.6606095 

25. Khalfin-Rabinovich Y, Weinstein A, Levi B-Z. PML is a key component for 
the differentiation of myeloid progenitor cells to macrophages. Int Immunol 
(2011) 23:287-96. doi:10.1093/intimm/dxr004 

26. Raelson J, Nervi C, Rosenauer A, Benedetti L, Monczak Y, Pearson M, et al. The 
PML/RAR alpha oncoprotein is a direct molecular target of retinoic acid in 
acute promyelocytic leukemia cells. Blood (1996) 88:2826-32. 

27. Melnick A, Licht J. Deconstructing a disease: RARalpha, its fusion partners, and 
their roles in the pathogenesis of acute promyelocytic leukemia. Blood (1999) 
93:3167-215. 

28. Sirulnik A, Melnick A, Zelent A. Molecular pathogenesis of acute promyelocytic 
leukaemia and APL variants. Best Pract Res Clin Haematol (2003) 16:387-408. 
doi:10.1016/S1521-6926{03)00062-8 

29. de The H, Chen Z. Acute promyelocytic leukaemia: novel insights into 
the mechanisms of cure. Nat Rev Cancer (2010) 10:775-83. doi:10.1038/ 
nrc2943 

30. Tomita A, Kiyoi H, Naoe T. Mechanisms of action and resistance to all- trans 
retinoic acid (ATRA) and arsenic trioxide (AS2O3) in acute promyelocytic 
leukemia. Int } Hematol (2013) 97:717-25. doi:10.1007/sl2185-013-1354-4 

31. Rego E, Pandolfi P. Analysis of the molecular genetics of acute promyelo- 
cytic leukemia in mouse models. Semin Hematol (2001) 38:54-70. doi: 10. 1053/ 
shem.200 1.20865 

32. Salomoni P, Ferguson B, Wyllie A, Rich T. New insights into the role of PML in 
tumour suppression. Cell Res (2008) 18:622^0. doi:10.1038/cr.2008.58 

33. Gurrieri C, Nafam K, Merghoub T, Bernardi R, Capodieci P, Biondi A, et al. 
Mutations of the PML tumor suppressor gene in acute promyelocytic leukemia. 
Blood (2004) 103:2358-62. doi: 10.1182/blood- 2003- 07- 2200 

34. Bellodi C, Kindle K, Bernassola F, Dinsdale D, Cossarizza A, Melino G, et al. 
Cytoplasmic function of mutant promyelocytic leukemia (PML) and PML- 
retinoic acid receptor- alpha. J Biol Chem (2006) 281:14465-73. doi:10.1074/ 
jbc.M600457200 

35. Tsukada J, Yoshida Y, Kominato Y, Auron P. The CCAAT/enhancer (C/EBP) 
family of basic-leucine zipper (bZIP) transcription factors is a multifac- 
eted highly-regulated system for gene regulation. Cytokine (2011) 54:6-19. 
doi:10.1016/j.cyto.2010.12.019 

36. Scott L, Civin C, Rorth P, Friedman A. A novel temporal expression pattern 
of three C/EBP family members in differentiating myelomonocytic cells. Blood 
(1992) 80:1725-35. 



Frontiers in Oncology | Molecular and Cellular Oncology May 2014 | Volume 4 | Article 125 | 8 



Marchwicka et al. 



Perspectives of differentiation therapies 



37. Poli V. The role of C/EBP isoforms in the control of inflammatory and native 
immunity functions. / Biol Chem (1998) 273:29279-82. doi:10.1074/jbc.273. 
45.29279 

38. Johansen L, Iwama A, Lodie T, Sasaki K, Felsher D, Golub T, et al. c-Myc 
is a critical target for C/EBPalpha in granulopoiesis. Mol Cell Biol (2001) 
21(1 1 ):3789-806. doi: 10. 1 128/MCB.21. 1 1.3789-3806.2001 

39. Lekstrom-Himes J. The role of C/EBPepsilon in the terminal stages of granu- 
locyte differentiation. Stem Cells (2001) 19:125-33. doi:10.1634/stemcells.l9- 
2-125 

40. Tavor S, Park D, Gery S, Vuong P, Gombart A, Koeffler H. Restoration of 
C/EBPalpha expression in a BCR-ABL+ cell line induces terminal granulocytic 
differentiation. J Biol Chem (2003) 278:52651-9. doi:10.1074/jbc.M307077200 

41. Marcinkowska E, Wang X, Studzinski G. C/EBPp 1 : a candidate for a major player 
in vitamin D-induced monocytic differentiation of human leukemia cells. In: 
Stolzt V, editor. Vitamin D: New Research. New York, NY: Nova Science Pub- 
lishers, Inc. (2006). p. 25-40. 

42. Friedman A. C/EBPalpha induces PU.l and interacts with AP-1 and NF- 
kappaB to regulate myeloid development. Blood Cells MolDis (2007) 39:340-3. 
doi:10.1016/j.bcmd.2007.06.010 

43. Kamashev D, VitouxD, de The H. PML-RARA-RXR oligomers mediate retinoid 
and rexinoid/cAMP cross-talk in acute promyelocytic leukemia cell differenti- 
ation. / Exp Med (2004) 199:1163-74. doi:10.1084/jem.20032226 

44. Zhu J, Nasr R, Peres L, Riaucoux-Lormiere F, Honore N, Berthier C, et al. RXR is 
an essential component of the oncogenic PML/RARA complex in vivo. Cancer 
Cell (2007) 12:23-35. doi:10.1016/j.ccr.2007.06.004 

45. Puccetti E, Obradovic D, Beissert T, Bianchini A, Washburn B, Chiaradonna 
F, et al. AML-associated translocation products block vitamin D3 -induced 
differentiation by sequestering the vitamin D3 receptor. Cancer Res (2002) 
62:7050-8. 

46. Gianni M, Ponzanelli I, Mologni L, Reichert U, Rambaldi A, Terao M, et al. 
Retinoid-dependent growth inhibition, differentiation and apoptosis in acute 
promyelocytic leukemia cells. Expression and activation of caspases. Cell Death 
Differ (2000) 7:447-60. doi:10.1038/sj.cdd.4400673 

47. Cai X, Shen Y, Zhu Q, Jia P, Yu Y, Zhou L, et al. Arsenic trioxide-induced 
apoptosis and differentiation are associated respectively with mitochondrial 
transmembrane potential collapse and retinoic acid signaling pathways in 
acute promyelocytic leukemia. Leukemia (2000) 14:262-70. doi:10.1038/sj.leu. 
2401650 

48. Chen Z, Chen G, Shen Z, Chen S, Wang Z. Treatment of acute promyelocytic 
leukemia with arsenic compounds: in vitro and in vivo studies. Semin Hematol 
(2001) 38:26-36. doi:10.1053/shem.2001.20863 

49. Chen Z, Wang Z, Chen S. Acute promyelocytic leukemia: cellular and molec- 
ular basis of differentiation and apoptosis. Pharmacol Ther (1997) 76:141-9. 
doi:10.1016/S0163-7258(97)00090-9 

50. Li J, Chen P, Sinogeeva N, Gorospe M, Wersto R, Chrest F, et al. Arsenic triox- 
ide promotes histone H3 phosphoacetylation at the chromatin of CASPASE- 
10 in acute promyelocytic leukemia cells. J Biol Chem (2002) 277:49504-10. 
doi:10.1074/jbc.M207836200 

51. de The H, Le Bras M, Lallemand-Breitenbach V. The cell biology of disease: 
acute promyelocytic leukemia, arsenic, and PML bodies. / Cell Biol (2012) 
198:11-21. doi:10.1083/jcb.201112044 

52. Zhu J, Gianni M, Kopf E, Honore N, Chelbi-Alix M, Koken M, et al. Retinoic 
acid induces proteasome-dependent degradation of retinoic acid receptor 
alpha (RARalpha) and oncogenic RARalpha fusion proteins. Proc Natl Acad 
Sci USA (1999) 96:14807-12. doi:10.1073/pnas.96.26.14807 

53. Lallemand-Breitenbach V, Zhu J, Puvion F, Koken M, Honore N, Doubeikovsky 
A, etal. Role of promyelocytic leukemia (PML) sumoylation in nuclear 
body formation, 1 IS proteasome recruitment, and AS2O3 -induced PML or 
PML/retinoic acid receptor alpha degradation. J Exp Med (2001) 193:1361-71. 
doi:10.1084/jem.l93.12.1361 

54. Jeanne M, Lallemand-Breitenbach V, Ferhi O, Koken M, Le Bras M, Duffort 
S, et al. PML/RARA oxidation and arsenic binding initiate the antileukemia 
response of As 2 0 3 . Cancer Cell (2010) 18:88-98. doi:10.1016/j.ccr.2010.06.003 

55. Isakson P, Bjoras M, Boe S, Simonsen A. Autophagy contributes to 
therapy-induced degradation of the PML/RARA oncoprotein. Blood (2010) 
116:2324-31. doi:10.1182/blood-2010-01-261040 

56. Wang Z, Chen Z. Acute promyelocytic leukemia: from highly fatal to highly 
curable. Blood (2008) 111:2505-15. doi:10.1182/blood-2007-07-102798 



57. HillestadL. Acute promyelocytic leukemia. Acta Med Scand (1957) 159:189-94. 
doi: 10.111 l/j.0954- 6820. 1957.tb00 124.x 

58. Warrell RP Jr, Frankel S, Miller WH Jr, , Scheinberg D, Itri L, et al. Differentia- 
tion therapy of acute promyelocytic leukemia with tretinoin (all-frans-retinoic 
acid). NEngl J Med (1991) 324:1385-93. 

59. Mandelli F, Diverio D, Awisati G, Luciano A, Barbui T, Bernasconi C, et al. Mol- 
ecular remission in PML/RAR alpha-positive acute promyelocytic leukemia 
by combined all-trans retinoic acid and idarubicin (AIDA) therapy. Gruppo 
Italiano-Malattie Ematologiche Maligne dellAdulto and Associazione Italiana 
di Ematologia ed Oncologia Pediatrica Cooperative Groups. Blood (1997) 
90:1014-21. 

60. Shen Y, Shen Z, Yan H, Chen J, Zeng X, Li J, et al. Studies on the clinical 
efficacy and pharmacokinetics of low-dose arsenic trioxide in the treatment 
of relapsed acute promyelocytic leukemia: a comparison with conventional 
dosage. Leukemia (2001) 15:735-41. doi:10.1038/sj.leu.2402106 

61. Lo-Coco F, Awisati G, Vignetti M, Thiede C, Orlando S, Iacobelli S, et al. 
Retinoic acid and arsenic trioxide for acute promyelocytic leukemia. N Engl 
J Med (2013) 369:111-21. doi:10.1056/NEJMoal300874 

62. Lo-Coco F, Cicconi L. What is the standard regimen for patients with acute 
promyelocytic leukemia? Curr Hematol Malig Rep (2014). doi:10.1007/sll899- 
014-0206-5 

63. Petrie K, Zelent A. AML1/ETO, a promiscuous fusion oncoprotein. Blood 
(2007) 109:4109-10. doi:10.1182/blood-2007-02-075804 

64. Elagib K, Goldfarb A. Oncogenic pathways of AML1-ETO in acute myeloid 
leukemia: multifaceted manipulation of marrow maturation. Cancer Lett 
(2007) 251:179-86. doi:10.1016/j.canlet.2006.10.010 

65. Hildebrand D, Tiefenbach J, Heinzel T, Grez M, Maurer A. Multiple regions of 
ETO cooperate in transcriptional repression. J Biol Chem (2001) 276:9889-95. 
doi:10.1074/jbc.M010582200 

66. Fazi F, Zardo G, Gelmetti V, Travaglini L, Ciolfi A, Di Croce L, et al. Heterochro- 
matic gene repression of the retinoic acid pathway in acute myeloid leukemia. 
Blood (2007) 109:4432-40. doi:10.1182/blood-2006-09-045781 

67. Bots M, Verbrugge I, Martin B, Salmon J, Ghisi M, Baker A, et al. Differentia- 
tion therapy for the treatment of t(8;21) acute myeloid leukemia using histone 
deacetylase inhibitors. Blood (2014) 123:1341-52. doi:10.1182/blood-2013- 
03-488114 

68. Grignani F, de Matteis S, Nervi C, Tomassoni L, Gelmetti V, Cioce M, et al. 
Fusion proteins of the retinoic acid receptor-alpha recruit histone deacetylase 
in promyelocytic leukaemia. Nature (1998) 391:815-8. doi:10.1038/35901 

69. Minucci S, Nervi C, Lo Coco F, Pelicci P. Histone deacetylases: a common mole- 
cular target for differentiation treatment of acute myeloid leukemias? Oncogene 
(2001) 20:3110-5. doi:10.1038/sj.onc.l204336 

70. Konopleva M, Elstner E, McQueen T, Tsao T, Sudarikov A, Hu W, et al. Per- 
oxisome proliferator-activated receptor y and retinoid X receptor ligands are 
potent inducers of differentiation and apoptosis in leukemias. Mol Cancer Ther 
(2004) 3:1249-62. 

71. Michalik L, Desvergne B, Wahli W. Peroxisome-proliferator-activated receptors 
and cancers: complex stories. Nat Rev Cancer (2004) 4:61-70. doi:10.1038/ 
nrcl254 

72. Moon R, Kohn A, de Ferrari G, Kaykas A. WNT and beta-catenin signalling: 
diseases and therapies. Nat Rev Genet (2004) 5:691-701. doi:10.1038/nrgl427 

73. Asou H, Verbeek W, Williamson E, Elstner E, Kubota T, Kamada N, et al. 
Growth inhibition of myeloid leukemia cells by troglitazone, a ligand for perox- 
isome proliferator activated receptor gamma, and retinoids. Int I Oncol (1999) 
15:1027-58. 

74. Tontonoz P, Nagy L, Alvarez J, Thomazy V, Evans R. PPARy promotes mono- 
cyte/macrophage differentiation and uptake of oxidized LDL. Cell (1998) 
93:241-52. doi:10.1016/S0092-8674(00)81575-5 

75. Rowe A. Retinoid X receptors. Int J Biochem Cell Biol (1997) 29:275-8. 
doi:10.1016/S1357-2725(96)00101-X 

76. Tsai D, Luger S, Andreadis C, Vogl D, Kemner A, PotuzakM, et al. A phase I study 
of bexarotene, a retinoic X receptor agonist, in non-M3 acute myeloid leukemia. 
Clin Cancer Res (2008) 14:5619-25. doi:10.1158/1078-0432.CCR-07-5185 

77. Dusso A, Brown A, Slatopolsky E. Vitamin D. Am J Physiol Renal Physiol (2005) 
289:F8-28. doi:10.1152/ajprenal.00336.2004 

78. Mithal A, Wahl D, Bonjour J, Burckhardt P, Dawson-Hughes B, Eisman J, et al. 
Global vitamin D status and determinants of hypovitaminosis D. Osteoporos 
Int (2009) 20:1807-20. doi:10.1007/s00198-009-0954-6 



www.frontiersin.org 



May 2014 | Volume 4 | Article 125 | 9 



Marchwicka et al. 



Perspectives of differentiation therapies 



79. KragballeK. Vitamin D 3 and skin diseases. Arch Dermatol Res (1992) 284(Suppl 
l):S30-6. doi:10.1007/BF00638238 

80. O'Kelly J, Histake J, Histake Y, Bishop J, Norman A, Koeffler H. Normal 
myelopoiesis but abnormal T lymphocyte responses in vitamin D receptor 
knockout mice. / Clin Invest (2002) 109:1091-9. doi:10.1 172/JCI200212392 

81. van Etten E, Mathieu C. Immunoregulation by 1,25-dihydroxyvitamin D3: 
basic concepts. / Steroid Biochem Mol Biol (2005) 97:93-101. doi: 10.1016/j. 
jsbmb.2005.06.002 

82. Okamoto R, Akagi T, Koeffler H. Vitamin D compounds and myelodysplastic 
syndrome. Leuk Lymphoma (2008) 49:12-3. doi:10.1080/10428190701757827 

83. O'Neill J, Feldman S. Vitamin D analogue-based therapies for psoriasis. Drugs 
Today (2010) 46:351-60. doi:10.1358/dot.2010.46.5.1473264 

84. Welsh J, Wietzke J, Zinser G, Smyczek S, Romu S, Tribble E, et al. Impact of the 
vitamin D3 receptor on growth-regulatory pathways in mammary gland and 
breast cancer. / Steroid Biochem Mol Biol (2002) 83:85-92. doi:10.1016/S0960- 
0760(02)00277-7 

85. Brown A, Slatopolsky E. Vitamin D analogs: therapeutic applications and mech- 
anisms for selectivity. Mol Aspects Med (2008) 29:433-52. doi:10.1016/j.mam. 
2008.04.001 

86. Ma Y, Trump D, Johnson C. Vitamin D in combination cancer treatment. 
} Cancer (2010) 1:101-7. doi:10.7150/jca.l.l01 

87. Mehta A, Kumaran T, Marsh G, McCarthy D. Treatment of advanced myelodys- 
plastic syndrome with alfacalcidol. Lancet (1984) 2(8405):761. doi:10.1016/ 
S0140-6736(84)92676-X 

88. MiyauraC,AbeE,KuribayashiT,TanakaH,KonnoK,NishiiY,et al. 1 Alpha,25- 
dihydroxyvitamin D3 induces differentiation of human myeloid leukemia cells. 
Biochem Biophys Res Commun (1981) 102:937-43. doi:10.1016/0006-291X(81) 
91628-4 

89. Kim M, Mirandola L, Pandey A, Nguyen D, Jenkins M, Turcel M, et al. Applica- 
tion of vitamin D and derivatives in hematological malignancies. Cancer Lett 
(2012) 319:8-22. doi:10.1016/j.canlet.2011. 10.026 

90. Baurska H, Klopot A, Kielbinski M, Chrobak A, Wijas E, Kutner A, et al. 
Structure-function analysis of vitamin D2 analogs as potential inducers 
of leukemia differentiation and inhibitors of prostate cancer prolifera- 
tion. / Steroid Biochem Mol Biol (2011) 126:46-54. doi:10.1016/j.jsbmb.2011. 
04.006 

91. McDonnell D, Scott R, Kerner S, O'Malley B, Pike J. Functional domains of 
the human vitamin D 3 receptor regulate osteocalcin gene expression. Mol 
Endocrinol (1989) 3:635^4. doi:10.1210/mend-3-4-635 

92. Kahlen J, Carlberg C. Identification of a vitamin D receptor homodimer-type 
response element in the rat calcitriol 24-hydroxylase gene promoter. Biochem 
Biophys Res Commun (1994) 202:1366-72. doi:10.1006/bbrc.l994.2081 

93. Vaisanen S, Dunlop T, Sinkkonen L, Frank C, Carlberg C. Spatio-temporal acti- 
vation of chromatin on the human CYP24 gene promoter in the presence of 
lalpha,25-dihydroxyvitamin D 3 . J Mol Biol (2005) 350:65-77. doi:10.1016/j. 
jmb.2005.04.057 

94. Wang X, Wang T-T, White J, Studzinski G. Induction of kinase suppressor of 
RAS-l(KSR-l) gene by 1,25-dihydroxyvitamin D3 in human leukemia HL60 
cells through a vitamin D response element in the 50-flanking region. Oncogene 
(2006) 25:7078-85. doi:10.1038/sj.onc.l209697 

95. Cheng H, Chen J, Huang Y, Chang H, Hung W. Functional role of VDR in 
the activation of p27 Ki P 1 by the VDR/Spl complex. / Cell Biochem (2006) 
98: 1450-6. doi: 1 0. 1002/jcb.20780 

96. Carlberg C, Seuter S, de Mello V, Schwab U, Voutilainen S, Pulkki K, et al. Pri- 
mary vitamin D target genes allow a categorization of possible benefits of vita- 
min D 3 supplementation. PLoS One (2013) 8(7):e71042. doi:10.1371/journal. 
pone.0071042 

97. Marcinkowska E, Wiedlocha A, Radzikowski C. 1,25-Dihydroxyvitamin D 3 
induced activation and subsequent nuclear translocation of MAPK is upstream 
regulated by PKC in HL-60 cells. Biochem Biophys Res Commun (1997) 
241:419-26. doi:10.1006/bbrc.l997.7832 

98. Hughes P, Brown G. lAlpha,25-dihydroxyvitamin D 3 -mediated stimulation of 
steroid sulphatase activity in myeloid leukaemic cell lines requires VDRnuc- 
mediated activation of the RAS/RAF/ERK-MAP kinase signalling pathway. / 
CellBiochem (2006) 98:590-617. doi:10.1002/jcb.20787 

99. Marcinkowska E, Wiedlocha A, Radzikowski C. Evidence that phosphatidyli- 
nositol 3-kinase and p70 protein are involved in differentiation of HL-60 
cells induced by calcitriol. Anticancer Res (1998) 18:3507-14. 



100. Hmama Z, Nandan D, Sly L, Knutson K, Herrera-Velit P, Reiner N. lAlpha,25- 
dihydroxyvitamin D 3 -induced myeloid cell differentiation is regulated by a vit- 
amin D receptor-phosphatidylinositol 3-kinase signaling complex. / Exp Med 
(1999) 190:1583-94. doi:10.1084/jem.l90.11.1583 

101. Ma Y, Trump D, Johnson C. Vitamin D and acute myeloid leukemia. / Cancer 
(2010) 3:101-7. doi:10.7150/jca.l.l01 

102. Trump D, Deeb K, Johnson C. Vitamin D: considerations in the continued 
development as an agent for cancer prevention and therapy. Cancer J (2010) 
16:1-9. doi:10.1097/PPO.0b013e3181c51ee6 

103. Marcinkowska E, Garay E, Gocek E, Chrobak A, Wang X, Studzinski G. Reg- 
ulation of C/EBPbeta isoforms by MAPK pathways in HL60 cells induced to 
differentiate by 1,25-dihydroxyvitamin D 3 . Exp Cell Res (2006) 312:2054-65. 
doi:10.1016/j.yexcr.2006.03.003 

104. Brown G, Choudhry M, Durham J, Drayson M, Michell R. Monocytically dif- 
ferentiating HL60 cells proliferate rapidly before they mature. Exp Cell Res 
(1999) 253:511-8. doi:10.1006/excr.l999.4660 

105. Rots N, Iavarone A, Bromleigh V, Freedman L. Induced differentiation of U937 
cells by 1,25-dihydroxyvitamin D 3 involves cell cycle arrest in Gl that is pre- 
ceded by a transient proliferative burst and an increase in cyclin expression. 
Blood (1999) 93:2721-9. 

106. Suzuki T, Koyama Y, Hayakawa S, Munakata H, Isemura M. 1,25- 
Dihydroxyvitamin D 3 suppresses exportin expression in human promyelocytic 
leukemia HL-60 cells. Biomed Res (2006) 27:89-92. 

107. Suzuki T, Koyama Y, Ichikawa H, Tsushima K, Abe K, Hayakawa S, et al. 1,25- 
Dihydroxyvitamin D 3 suppresses gene expression of eukaryotic translation 
initiation factor 2 in human promyelocytic leukemia HL-60 cells. Cell Struct 
Funct (2005) 30:1-6. doi:10.1247/csf.30.1 

108. Hellstrom E, Robert K, Gahrton G, Mellstedt H, Lindemalm C, Einhorn S, 
et al. Therapeutic effects of low-dose cytosine arabinoside, alpha-interferon, 1 
alpha-hydroxyvitamin D 3 and retinoic acid in acute leukemia and myelodys- 
plastic syndromes. Eur J Haematol (1988) 40:449-59. doi:10.1111/j.l600-0609. 
1988.tb00855.x 

109. Irino S, Taoka T. Treatment of myelodysplastic syndrome and acute myel- 
ogenous leukemia with vitamin D 3 [1 alpha(OH)D 3 ]. Can To Kagaku Ryoho 
(1988) 15:1183-90. 

110. Nakayama S, Ishikawa T, Yabe H, Nagai K, Kasakura S, Uchino H. Success- 
ful treatment of a patient with acute myeloid leukemia with 1 alpha(OH)D 3 . 
Nihon Ketsueki GakkaiZasshi (1988) 51:1026-30. 

111. Takahashi T, Ichiba S, Okuno Y, Sugiyama H, Sakai Y, Imura H, et al. Thera- 
peutic effectiveness of vitamin D 3 in patients with myelodysplastic syndromes, 
leukemias and myeloproliferative disorders. Rinsho Ketsueki (1989) 30:1-10. 

112. Hellstrom E, Robert K, Samuelsson J, Lindemalm C, Grimfors G, Kimby E, 
et al. Treatment of myelodysplastic syndromes with retinoic acid and 1 alpha- 
hydroxy-vitamin D 3 in combination with low-dose ara-C is not superior to 
ara-C alone. Results from a randomized study. The Scandinavian Myelodys- 
plasia Group (SMG). Eur } Haematol (1990) 45:255-61. doi:10.1111/j.l600- 
0609.1990.tb00470.x 

113. Petrini M, Caracciolo F, Corini M, Valentini P, Sabbatini A, Grassi B. Low-dose 
ARA-C and l(OH)D 3 administration in acute non lymphoid leukemia: pilot 
study. Haematologica (1991) 76:200-3. 

114. Petrini M, Dastoli G, Valentini P, Mattii L, Trombi L, Testi R, et al. Synergistic 
effects of alpha interferon and 1,25 dihydroxyvitamin D 3 : preliminary evi- 
dence suggesting that interferon induces expression of the vitamin receptor. 
Haematologica (1991) 76:467-71. 

115. Slapak C, Desforges J, Fogaren T, Miller K. Treatment of acute myeloid 
leukemia in the elderly with low-dose cytarabine, hydroxyurea, and calcitriol. 
Am JHematol (1992) 41:178-83. doi:10.1002/ajh.2830410307 

116. Ferrero D, Campa E, Dellacasa C, Campana S, Foli C, Boccadoro M. Differ- 
entiating agents + low-dose chemotherapy in the management of old/poor 
prognosis patients with acute myeloid leukemia or myelodysplastic syndrome. 
Haematologica (2004) 89:619-20. 

117. Harrison J, Bershadskiy A. Clinical experience using vitamin D and analogs in 
the treatment of myelodysplasia and acute myeloid leukemia: a review of the 
literature. LeukRes Treatment (2012) 125814:8. doi:10.1155/2012/125814 

118. Jones G. Vitamin D analogs. Endocrinol Metab Clin North Am (2010) 
39:447-72. doi:10.1016/j.ecl.2010.02.003 

119. Cunningham J, Zehnder D. New vitamin D analogs and changing therapeutic 
paradigms. Kidney Int (2011) 79:702-7. doi:10.1038/ki.2010.387 



Frontiers in Oncology | Molecular and Cellular Oncology 



May 2014 | Volume 4 | Article 125 | 10 



Marchwicka et al. 



Perspectives of differentiation therapies 



120. Beer T, Myrthue A. Calcitriol in the treatment of prostate cancer. Anticancer 
Res (2006) 26:2647-51. 

121. Wietrzyk J, Nevozhay D, Milczarek M, Filip B, Kutner A. Toxicity and antitu- 
mor activity of the vitamin D analogs PRI-1906 and PRI-1907 in combined 
treatment with cyclophosphamide in a mouse mammary cancer model. Cancer 
Chemother Pharmacol (2008) 62:787-97. doi:10.1007/s00280-007-0666-6 

122. Peehl D, Seto E, Feldman D. Rationale for combination ketoconazole/vitamin 
D treatment of prostate cancer. Urology (2001) 58:123-6. doi:10.1016/S0090- 
4295(01)01254-7 

123. Peehl D, Seto E, Hsu J, Feldman D. Preclinical activity of ketoconazole in com- 
bination with calcitriol or the vitamin D analogue EB 1089 in prostate cancer 
cells. / Urol (2002) 168:1583-8. doi:10.1097/00005392-200210010-00089 

124. Muindi J, Yu W, Ma Y, Engler K, Kong R, Trump D, et al. CYP24A1 inhi- 
bition enhances the antitumor activity of calcitriol. Endocrinology (2010) 
151:4301-12. doi:10.1210/en.2009- 1156 

125. Anderson M, Nakane M, Ruan X, Kroeger P, Wu-Wong J. Expression of VDR 
and CYP24A1 mRNA in human tumors. Cancer Chemother Pharmacol (2006) 
57:234-40. doi: 1 0. 1007/s00280- 005-0059-7 

126. Horvath H, Khabir Z, Nittke T, Gruber S, Speer G, Manhardt T, etal. 
CYP24A1 splice variants - implications for the antitumorigenic actions of 
l,25-(OH) 2 D 3 in colorectal cancer. J Steroid Biochem Mol Biol (2010) 121:76-9. 
doi:10.1016/j.jsbmb.2010.03.080 

127. Hobaus J, Hummel D, Thiem U, Fetahu I, Aggarwal A, Miillauer L, et al. 
Increased copy-number and not DNA hypomethylation causes overexpression 
of the candidate proto-oncogene CYP24A1 in colorectal cancer. Int J Cancer 
(2013) 133:1380-8. doi:10.1002/ijc.28143 

128. Smith D, Johnson C, Freeman C, Muindi J, Wilson J, Trump D. A phase I trial 
of calcitriol (1,25-dihydroxycholecalciferol) in patients with advanced malig- 
nancy. Clin Cancer Res (1999) 5:1339-45. 

129. Beer T, Munar M, Henner W. A phase I trial of pulse calcitriol in patients with 
refractory malignancies: pulse dosing permits substantial dose escalation. Can- 
cer (2001) 91:2431-9. doi:10.1002/1097-0142(20010615)91:12<2431::AID- 
CNCR1278>3.0.CO;2-3 

130. Muindi J, Peng Y, Potter D, Hershberger P, Tauch J, Capozzoli M, et al. Pharma- 
cokinetics of high-dose oral calcitriol: results from a phase 1 trial of calcitriol 
and paclitaxel. Clin Pharmacol Ther (2002) 72:648-59. doi:10.1067/mcp.2002. 
129305 

131. Bennett J, Catovsky D, Daniel M, Flandrin G, Galton D, Gralnick H, et al. Pro- 
posals for the classification of the acute leukaemias. French-American-British 
(FAB) co-operative group. Br] Haematol (1976) 33:451-8. doi: 10. 1 1 1 1 365- 
2141.1976.tb03563.x 

132. Vardiman J, Harris N, Brunning R. The World Health Organization (WHO) 
classification of the myeloid neoplasms. Blood (2002) 100:2292-302. 

133. Lowenberg B. Acute myeloid leukemia: the challenge of capturing disease vari- 
ety. Hematology Am Soc Hematol Educ Program (2008) 2008:1-11. doi:10. 1182/ 
asheducation- 2008. 1 . 1 

134. Sanders M, Valk P. The evolving molecular genetic landscape in acute 
myeloid leukaemia. Curr Opin Hematol (2013) 20:79-85. doi:10.1097/MOH. 
0b013e32835d821c 

135. Kuhnl A, Grimwade D. Molecular markers in acute myeloid leukaemia. Int J 
Hematol (2012) 96(2):153-63. doi:10.1007/sl2185-012-1123-9 

136. Falini B, Nicoletti I, Bolli N, Martelli M, Liso A, Gorello P, et al. Translocations 
and mutations involving the nucleophosmin (NPM1) gene in lymphomas and 
leukemias. Haematologica (2007) 92:519-32. doi:10.3324/haematol.ll007 

137. Federici L, Falini B. Nucleophosmin mutations in acute myeloid leukemia: a 
tale of protein unfolding and mislocalization. Protein Sci (2013) 22:545-56. 
doi:10.1002/pro.2240 

138. Reilly J. Receptor tyrosine kinases in normal and malignant haematopoiesis. 
Blood Rev (2003) 17:241-8. doi:10.1016/S0268-960X(03)00024-9 

139. Grimwade D, Hills R, Moorman A, Walker H, Chatters S, Goldstone A, et al. 
Refinement of cytogenetic classification in acute myeloid leukemia: determina- 
tion of prognostic significance of rare recurring chromosomal abnormalities 
among 5876 younger adult patients treated in the United Kingdom Medical 
Research Council trials. Blood (2010) 116:354-65. doi:10.1182/blood-2009- 
11-254441 

140. Gocek E, Kielbinski M, Baurska H, Haus O, Kutner A, Marcinkowska E. Dif- 
ferent susceptibilities to 1,25-dihydroxyvitamin D 3 -induced differentiation of 



AML cells carrying various mutations. LeukRes (2010) 34:649-57. doi:10.1016/ 
j.leukres.2009.10.004 

141. Baurska H, Kielbinski M, Biecek P, Haus O, Jazwiec B, Kutner A, et al. Monocytic 
differentiation induced by side-chain modified analogs of vitamin D in ex vivo 
cells from patients with acute myeloid leukemia. Leak Res (2014) 38:638-47. 
doi:10.1016/j.leukres.2014.03.009 

142. Quentmeier H, Reinhardt J, Zaborski M, Drexler H. FLT3 mutations in acute 
myeloid leukemia cell lines. Leukemia (2003) 17:120-4. doi:10.1038/sj.leu. 
2402740 

143. Gocek E, Marchwicka A, Bujko K, Marcinkowska E. NADPH-cytochrome p450 
reductase is regulated by all-trans retinoic acid and by 1,25-dihydroxyvitamin 
D3 in human acute myeloid leukemia cells. PLoS One (2014) 9:e91752. 
doi:10.1371/journal.pone.0091752 

144. Marcinkowska E, Kutner A, Radzikowski C. Cell differentiating and 
anti-proliferative activity of side-chain modified analogues of 1,25- 
dihydroxyvitamin D 3 . / Steroid Biochem Mol Biol (1998) 67:71-8. doi:10.1016/ 
S0960-0760(98)00065-X 

145. Elstner E, Linker-Israeli M, Umiel T, Le J, Grillier I, Said ), et al. Combination 
of a potent 20-epi-vitamin D 3 analogue (KH 1060) with 9-cis-retinoic acid 
irreversibly inhibits clonal growth, decreases bcl-2 expression, and induces 
apoptosis in HL-60 leukemic cells. Cancer Res (1996) 56:3570-6. 

146. Elstner E, Linker-Israeli M, Le J, Umiel T, Michl P, Said J, et al. Synergistic 
decrease of clonal proliferation, induction of differentiation, and apoptosis of 
acute promyelocytic leukemia cells after combined treatment with novel 20- 
epi vitamin D 3 analogs and 9-cis retinoic acid. / Clin Invest (1997) 99:349-60. 
doi:10.1172/JCI119164 

147. Dore B, Uskokovic M, Momparler R. Interaction of retinoic acid and vita- 
min D 3 analogs on HL-60 myeloid leukemic cells. Leuk Res (1993) 17:749-57. 
doi:10.1016/0145-2126(93)90108-W 

148. Defacque H, Piquemal D, Basset A, Marti ), Commes T. Transforming growth 
factor-beta 1 is an autocrine mediator of U937 cell growth arrest and differen- 
tiation induced by vitamin D 3 and retinoids. / Cell Physiol (1999) 178:109-19. 
doi:10.1002/(SICI)1097-4652(199901)178:K109::AID-JCP14>3.0.CO;2-X 

149. Munker R, Norman A, Koeffler H. Vitamin D compounds. Effect on clonal 
proliferation and differentiation of human myeloid cells. / Clin Invest (1986) 
78:424-30. doi:10.1172/JCI112593 

150. Gocek E, Marchwicka A, Baurska H, Chrobak A, Marcinkowska E. Opposite 
regulation of vitamin D receptor by ATRA in AML cells susceptible and resis- 
tant to vitamin D-induced differentiation. / Steroid Biochem Mol Biol (2012) 
132:220-6. doi:10.1016/j.jsbmb.2012.07.001 

151. Douer D, Koeffler H. Retinoic acid. Inhibition of the clonal growth of 
human myeloid leukemia cells. / Clin Invest (1982) 69:277-83. doi:10.1172/ 
JCI1 10450 

152. Baker A, McDonnell D, Hughes M, Crisp T, Mangelsdorf D, Haussler M, et al. 
Cloning and expression of full-length cDNA encoding human vitamin D recep- 
tor. Proc Natl Acad Sci USA (1988) 85:3294-8. doi:10.1073/pnas.85.10.3294 

153. Miyamoto K, Kesterson R, Yamamoto H, Taketani Y, Nishiwaki E, Tatsumi S, 
et al. Structural organization of the human vitamin D receptor chromosomal 
gene and its promoter. Mol Endocrinol (1997) 11:1165-79. doi:10.1210/mend. 
11.8.9951 

154. Jurutka P, Remus L, Whitfield G, Thompson P, Hsieh J-C, Zitzer H, et al. The 
polymorphic N terminus in human vitamin D receptor isoforms influences 
transcriptional activity by modulating interaction with transcription factor 
IIB. Mol Endocrinol (2000) 14:401-20. doi:10.1210/me.l4.3.401 

155. van Etten E, Verlinden L, Giulietti A, Ramos-Lopez E, Branisteanu D, Fer- 
reira G, et al. The vitamin D receptor gene Fokl polymorphism: func- 
tional impact on the immune system. Eur J Immunol (2007) 37:395-405. 
doi:10.1002/eji.200636043 

156. Crofts L, Hancock M, Morrison N, Eisman J. Multiple promoters direct 
the tissue-specific expression of novel N-terminal variant human vitamin 
D receptor gene transcripts. Proc Natl Acad Sci USA (1998) 95:10529-34. 
doi: 1 0. 1073/pnas.95. 1 8. 10529 

157. Sunn K, Cock T, Crofts L, Eisman J, Gardiner E. Novel N-terminal variant of 
human VDR. Mol Endocrinol (2001) 15:1599-609. doi:10.1210/me.l5.9.1599 

158. Gardiner E, Esteban L, Fong C, Allison S, Flanagan J, Kouzmenko A, et al. Vita- 
min D receptor Bl and exon Id: functional and evolutionary analysis. / Steroid 
Biochem Mol Biol (2004) 8(9-90):233-8. doi:10.1016/j.jsbmb.2004.03.078 



www.frontiersin.org 



May 2014 I Volume 4 I Article 125 | 11 



Marchwicka et al. 



Perspectives of differentiation therapies 



159. Yamamoto H, Miyamoto K, Li B, Taketani Y, Kitano M, Inoue Y, et al. The 
caudal-related homeodomain protein Cdx-2 regulates vitamin D receptor 
gene expression in the small intestine. / Bone Miner Res (1999) 14:240-7. 
doi:10.1359/jbmr.l999.14.2.240 

160. Lee T, Pelletier J. Functional characterization of WT1 binding sites within 
the human vitamin D receptor gene promoter. Physiol Genomics (2001) 7: 
187-200. 

161. Byrne I, Flanagan L, Tenniswood M, Welsh J. Identification of a hormone- 
responsive promoter immediately upstream of exon lc in the human vitamin 
D receptor gene. Endocrinology (2000) 141:2829-36. doi:10.1210/endo.l41.8. 
7618 

162. Wietzke J, Warda E, Schneider J, Welsh J. Regulation of the human Vitamin D3 
receptor promoter in breast cancer cells is mediated through Spl sites. Mol Cell 
Endocrinol (2005) 230:59-68. doi:10.1016/j.mce.2004.11.001 

163. Tolhuis B, Palstra R, Splinter E, Grosveld F, de Laat W. Looping and interaction 
between hypersensitive sites in the active beta-globin locus. Mol Cell (2002) 
10:1453-65. doi:10.1016/S1097-2765(02)00781-5 



Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 01 April 2014; accepted: 12 May 2014; published online: 27 May 2014. 
Citation: Marchwicka A, Cebrat M, Sampath P, Sniezewski L and Marcinkowska E 
(2014) Perspectives of differentiation therapies of acute myeloid leukemia: the search 
for the molecular basis of patients' variable responses to 1,25-dihydroxyvitamin D and 
vitamin D analogs. Front. Oncol. 4:125. doi: 10.3389/fonc.2014.00125 
This article was submitted to Molecular and Cellular Oncology, a section of the journal 
Frontiers in Oncology. 

Copyright © 2014 Marchwicka, Cebrat, Sampath, Sniezewski and Marcinkowska. 
This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums is 
permitted, provided the original author(s ) or licensor are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. No 
use, distribution or reproduction is permitted which does not comply with these terms. 



Frontiers in Oncology | Molecular and Cellular Oncology 



May 2014 | Volume 4 | Article 125 | 12 



